Overpressure and fluid flow processes in the deepwater Gulf of Mexico were investigated during Expedition 308 of the Integrated Ocean Drilling Program.
Introduction
A central objective in structural geology is to interpret the deformation histories of geological bodies and the stress paths responsible for those histories. Such stress and strain histories are important for a proper understanding of mechanical behavior, porefluid pressure, and fluid flow in the upper crust. Knowledge of the stress evolution is vitally important in understanding natural phenomena (e.g., slope failures).
The understanding of the nature of stress and stress paths that produce deformation has advanced remarkably over the past decades, both from laboratory experiments and in situ stress measurements (e.g., Jones, 1994; Karig and Morgan, 1994; Dugan and Flemings, 2000; Karig and Ask, 2003) .
• Problems with mimicking diagenetic processes in the laboratory, and
• The ability to apply only simple stress paths in laboratory experiments (Karig and Morgan, 1994) .
The last limitation can to some extent be mitigated by conducting multiple tests on samples with different orientation and stress paths.
Passive continental margins are examples of tectonically quiescent areas, for which the anticipated stress path is assumed to approximate uniaxial strain, as caused by gravitational loading from deposition. The U.S. Gulf Coast passive margin is suitable for studying properties and processes related to sediment consolidation and fluid flow in sediments with varying pore-fluid pressure (e.g., Flemings et al., 2005) .
Based on data collected by the petroleum industry along the U.S. Gulf Coast, Breckels and van Eekelen (1982) investigated the K 0 stress ratio and the variation of pore-fluid pressure. The K 0 stress ratio is the ratio between effective horizontal and vertical stress.
It is also referred to as "earth pressure at rest." Low K 0 values indicate brittle behavior; high K 0 values indicate ductile behavior. Breckels and van Eekelen (1982) proposed that the stress ratio increases from ≤0.3 near the surface to 1.0 near 6 km depth. Karig and Morgan (1994) argued against their interpretation and proposed a higher K 0 stress ratio of ~0.5 for sections with hydrostatic pore-fluid pressure. The more recent Pathfinder Drilling Program consisted of both in situ stress measurements and laboratory deformation tests (e.g., Finkbeiner et al., 2001; Stump and Flemings, 2002) . The tests on two lightly cemented mudstone samples by Stump and Flemings (2002) showed that the K 0 stress ratio changes when the samples yield, from preyield values of 0.52-0.63 to postyield values of 0.85-0.86. Further experiments are clearly needed to investigate how the principal stress magnitudes increase with depth in this setting.
The objective for this study is to explore and understand the basic consolidation processes occurring in shallow sedimentary rock formations by
• Measuring how the stress ratio of the effective principal stress magnitudes develop in elastic and plastic-elastic reconsolidation and
• Determining in situ and laboratory relationships between in situ effective stress state and pore volume (e.g., porosity and void ratio).
Among other objectives, these data can be used in pore pressure prediction from drilling and log data.
Methods and materials Samples
Whole-round Sample 308-U1320A-31X-1, 120-150 cm, was collected from 276.4-276.7 meters below seafloor (mbsf), from the base of Brazos-Trinity Basin IV where sediments were assumed to have been normally consolidated (i.e., the internal pore pressure has been dissipated so that hydrostatic pressure has been maintained during deposition). Cylindrical Sample 1320-31-1 was cored with a water-lubricated rotary coring tube from the whole-round core sample. The sample had a diameter of 21.23 mm and a height of 55.27 mm (i.e., ~2.5 times the diameter). Initial bulk density was calculated from measurements of the wet volume and wet weight of the sample, and porosity was derived from this bulk density value and shipboard values of grain and water densities. The shore-based values of bulk density and porosity were 1.93 g/cm 3 and 48%, respectively. Hence, shore-based bulk density is slightly lower and porosity is slightly higher than those of adjacent shipboard values (2.02 g/cm 3 and 43%, respectively).
Sample 1320-31-1 is a gray clay with darker vaguely subhorizontal and probably bioturbated layers. It was collected from Unit V, which is dominated by hemipelagic generally bioturbated clay with rare silt lamina often containing fragments of foraminifers (Flemings et al., 2005) . Coarser grains may be derived from river plumes and/or very low density turbidity currents.
Visual inspection of the sample revealed no drilling disturbance, so it was assumed that the sample was undisturbed. However, posttest investigation of the remaining whole-round sample revealed the presence of drill biscuits (Fig. F1) .
Testing setup and procedure
The experiment was carried out with the test equipment of Karig (1996) . This laboratory was previously housed at Cornell University, Ithaca (USA), but it is now located at Luleå University of Technology.
The equipment consists of a triaxial cell mounted in a computer-controlled servo-hydraulic INSTRON 1324 load frame (cf. figure 6 of Morgan and Ask, 2004) . Figure F2 shows the instrumentation of the test sample within the triaxial cell. Horizontal strains are measured by an array of eight linear variable differential transformers (LVDTs) across four diameters at the midheight of the sample. One pair of LVDTs measures the vertical strain over the middle half of the sample, and one LVDT mounted outside the triaxial cell measures the external vertical strain. A latex jacket isolates the sample from the silicon oil confining fluid. Testing was conducted under drained conditions, with the pore fluid allowed to drain in and out through both ends of the sample. The slow loading rate and the double drainage are assumed to result in fully drained conditions within the sample. A total of 11 digitized channels monitored loading and dimensional data, which were saved every 15 or 30 min during testing, providing detailed information about sample deformation and strength.
The testing sequence included a preconsolidation phase, which lasted for 39 h, at constant vertical and horizontal stresses of ~1.7 MPa and a back-pore pressure of 1.0 MPa. Each sample was first brought to a uniform isotropic stress state to ensure that all remaining gases in the system were in solution during the test phase. The reconsolidation phase began immediately after the preconsolidation phase and followed a K 0 reconsolidation computer-controlled stress path: vertical stress was increased at a constant rate (11.5 Pa/s) while the horizontal stress (confining pressure) was adjusted by computer control to maintain a constant cross-sectional area of the sample. At the outset of the K 0 reconsolidation test, the sudden change in stress state from initially isotropic stresses to uniaxial strain led to boundary effects. System compliance effects and closure of microcracks also affected the response during the initial phase of the K 0 reconsolidation tests.
K 0 stress ratio, yield stress, and pore fluid pressure
The stress ratio, K 0 , is defined as the ratio between the effective horizontal and vertical stresses (σ h ′ and σ v ′, respectively) ( Table T1) , which maintain the condition of uniaxial strain. K 0 of elastic and plastic conditions are obtained by linearly fitting σ v ′ and σ h ′ data pre-and postyield stress. K 0 may also be calculated from plots of σ m ′ versus Δσ ( Table T1 ).
The effective vertical yield stress, σ y ′, marks the transition from elastic to plastic elastic deformation along the K 0 reconsolidation stress path. For uncemented sediments, the yield stress corresponds to the preconsolidation pressure. There are several methods for determining the preconsolidation pressure (e.g., Casagrande, 1936; Becker et al., 1987; Wang and Frost, 2004) . Because it is difficult to obtain the true preconsolidation pressure, it is hard to evaluate the relative merits of the different methods. In this paper, I have adopted the method of Karig (1993): I have used various relationships among the collected data (e.g., σ h ′ versus σ v ′, Δσ versus σ m ′, and σ v ′ versus ε v ) and picked the yield stress at the point where the rate of deviation from the elastic slope began to change rapidly.
The effective vertical yield stress, σ y ′, may be compared with the calculated in situ effective vertical stress for hydrostatic water pressure, σ vh ′ (e.g., Karig, 1996) . The difference between the two values is a measure of the maximum pore fluid pressure in excess of hydrostatic water pressure, P* max ( Table T1 ). The magnitude of the importance of the overpressure is often shown by the overpressure ratio, λ * (e.g., Long et al.). The ratio between P* max and σ vh ′ gives a maximum value of λ * ( Table T1) . Table T1 lists symbols commonly used in the text. Morgan and Ask (2004) presents the background of these values in more detail. The preconsolidation phase was longer than normal, 39 h, because an external pore water leak was found. The source of the leak could not be identified, and the preconsolidation phase was terminated once it was clear that remaining parameters were stable. The first test results from the preconsolidation phase are listed in Table  T2 , and the full results can be found in Microsoft Excel format as PRECONSOL.XLS in STRESS in "Supplementary material."
Results
The reconsolidation phase was run for >645 h (Fig.  F3) . The test unexpectedly shut down four times, but test conditions were reestablished reasonably well (at 100 h, there was an increase in cross-sectional area; at 100 and 140 h, small shifts in axial strain).
Sample 1320-31-1 was loaded to a total effective vertical stress, σ v ′, of 24 MPa, corresponding to effective horizontal stress, σ h ′, of >16 MPa and vertical strain, ε v , of 16% (Fig. F3) . Initial inspection of samples and analyses of test results proposed that Sample 1320-31-1 was uncemented and undisturbed. However, posttest computer tomography scans and paleomagnetic studies (anisotropy of magnetic susceptibility) reveal that the sample indeed is disturbed and comprises three drill biscuits (Fig. F1) . Because of the short spacing between the three drill biscuits and because the sample was collected in a basin in which sediments are assumed to be transversely isotropic, the results may still be of some interest, especially at greater stresses, at least for stress-stress plots. Microsoft Excel format as RECONSOL.XLS in STRESS in "Supplementary material." The plot of σ v ′ versus ε v best shows the initial nonlinear deformation when microcracks are closed and the transition from elastic to plastic deformation. In comparison, the stressstress plots reveal more subtle changes. The preconsolidation stress is inferred to be 2.03 MPa based on the change in slope in the stress-strain curve shown in Figure F4C . Based on shipboard data, the in situ effective vertical stress for hydrostatic water pressure, σ vh ′, is calculated to be 2.27 MPa, which results in a maximum pore fluid pressure in excess of hydrostatic water pressure, P* max , of 0.24 MPa. This corresponds to a λ * of 0.11. The small difference between σ vh ′ and σ y ′ is probably insignificant, especially when comparing the results with studies that use other methods to determine σ y ′ (or preconsolidation pressure). The results propose that the sample is normally consolidated. There is a subtle change in stress ratio across σ y ′, and the stress ratio, K 0 , changes from 0.70 before yield to 0.69 after yield for the entire data set. A more detailed inspection of the data reveal minor shifts in the stress magnitudes when the test unexpectedly shut down four times: postyield K 0 values range from 0.65 to 0.68 within the continuous test sequences (Fig. F4A) . The overall trend reveals that the stress ratio is constant up to an effective vertical stress of nearly 25 MPa.
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